Haramizu S, Ota N, Otsuka A, Hashizume K, Sugita S, Hase T, Murase T, Shimotoyodome A. Dietary milk fat globule membrane improves endurance capacity in mice. Am J Physiol Regul Integr Comp Physiol 307: R1009 -R1017, 2014. First published August 27, 2014 doi:10.1152/ajpregu.00004.2014.-Milk fat globule membrane (MFGM) comprises carbohydrates, membrane-specific proteins, glycoproteins, phospholipids, and sphingolipids. We evaluated the effects of MFGM consumption over a 12-wk period on endurance capacity and energy metabolism in BALB/c mice. Long-term MFGM intake combined with regular exercise improved endurance capacity, as evidenced by swimming time until fatigue, in a dose-dependent manner. The effect of dietary MFGM plus exercise was accompanied by higher oxygen consumption and lower respiratory quotient, as determined by indirect calorimetry. MFGM intake combined with exercise increased plasma levels of free fatty acids after swimming. After chronic intake of MFGM combined with exercise, the triglyceride content in the gastrocnemius muscle increased significantly. Mice given MFGM combined with exercise had higher mRNA levels of peroxisome proliferator-activated receptor-␥ coactivator 1␣ (Pgc1␣) and CPT-1b in the soleus muscle at rest, suggesting that increased lipid metabolism in skeletal muscle contributes, in part, to improved endurance capacity. MFGM treatment with cyclic equibiaxial stretch consisting of 10% elongation at 0.5 Hz with 1 h on and 5 h off increased the Pgc1␣ mRNA expression of differentiating C2C12 myoblasts in a dose-dependent manner. Supplementation with sphingomyelin increased endurance capacity in mice and Pgc1␣ mRNA expression in the soleus muscle in vivo and in differentiating myoblasts in vitro. These results indicate that dietary MFGM combined with exercise improves endurance performance via increased lipid metabolism and that sphingomyelin may be one of the components responsible for the beneficial effects of dietary MFGM. endurance; milk fat globule membrane; sphingomyelin AS PEOPLE AGE, THEY EXPERIENCE a progressive decline in physical performance accompanied by losses of muscle mass and function, leading to decreased quality of life, including increased risks of morbidity, disability, and mortality (18). Low levels of physical performance are associated with increased risk of dementia in aged adults (48). High-endurance performance is associated with lower blood pressure, visceral adipose fat, plasma insulin, and glucose levels than is lowendurance performance in rats (51). Therefore, improvement or maintenance of physical performance is important not only for athletes but also to support daily active and healthy lifestyles.
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Both skeletal muscle mass and physiological function are associated with physical performance. Exercise training is generally accepted as a useful strategy to increase the number and function of mitochondria in muscle; these effects are accomplished, at least in part, through increases in peroxisome proliferator-activated receptor-␥ coactivator (Pgc1␣) transcription and the ability of muscle to oxidize fat (11, 15) . Given the difficulties associated with managing and maintaining a regular exercise program, other strategies, including nutritional approaches, have attracted increased attention. We have developed a method that maintains or improves the endurance capacity of mice through increased muscle fatty-acid oxidation. The method combines physical exercise with long-term consumption of specific food components, including catechins, nootkatone, and resveratrol (29, 30, 31, 32) .
Milk is the main source of nutrition for newborn mammals and contains carbohydrates, proteins, lipids, electrolytes, and micronutrients. The health benefits of milk are well established and have been reviewed extensively (13, 42) . Recent findings have demonstrated that consumption of whole milk by young adults after resistance training can promote muscle protein synthesis and inhibit protein breakdown, leading to improved net muscle protein balance (7, 19, 50) . There has been growing interest in the beneficial effects of milk on physical performance, such as during resistance training and endurance sports (42) .
Milk contains ϳ3% to 5% fat, which is distributed in the form of tiny, spherical droplets or globules, stabilized in the form of an emulsion. The diameter of these fat globule ranges from 0.2 to 15 m, with an average of ϳ4 m. The triglyceride core of the fat globules in milk is surrounded by a thin membrane, called the milk fat globule membrane (MFGM). This membrane, which is 10 to 20 nm in cross section, acts as an emulsifier and protects globules from coalescence and enzymatic degradation. Most (60% to 70%) of the polar lipids in milk, which comprise phospholipids and sphingolipids, are located in the MFGM. The MFGM contains unique polar lipids and membrane-specific proteins, including butyrophilin, lactadoherin, and adidophilin (3, 40) . Although some studies have shown the nutritional components and functions of MFGM (43, 47) , its nutritional and physiological functions have not been fully investigated.
Sphingolipids are highly bioactive molecules present mainly in polar lipids of animal origin (47) , and they account for as much as one-third of the MFGM polar lipid fraction. Sphingomyelin is involved in inducing the proliferation of satellite cells and is a key component of muscle regeneration (34) . Dietary sphingomyelin contributes to myelination of the central nervous system in developing rats (37) . Moreover, administration of sphingosine-L-phosphate or sphingosine, a metabolite of sphingomyelin, improves muscle contractile force in mice (5) . Phosphatidylserine, a milk phospholipid, increases exercise capacity in humans (21) . More recently, the NAD precursor nicotinamide riboside, which is also found in milk, activates sirtuin activity, enhances mitochondrial gene expression, and protects against diet-induced obesity (2).
Our aims in this study were to investigate the effect of dietary MFGM on endurance capacity in mice and to clarify the mechanism of its beneficial effects on muscular physiology. The findings from this study will help to clarify the potential usefulness of milk in managing physical performance and muscular functions.
MATERIALS AND METHODS

Materials
MFGM (BSCP) was purchased from MEGGLE Japan (Tokyo, Japan). The composition of MFGM was 43.8% protein, 10.3% carbohydrate, 13.6% lactose, 16.2% phospholipids, 3.0% sphingomyelin, 4.3% ash, 2.4% minerals, 4.5% water, and 1.9% other. Sphingomyelin was prepared from a milk phospholipid (PC-500; Fonterra Japan, Tokyo, Japan). In brief, a homomixer (TK autohomomixer; Tokusyukika Kogyo, Osaka, Japan) was used to homogenize PC-500 in ice-cold acetone. The homogenate was extracted with chloroform: methanol:water (8:4:3), and the chloroform layer was recovered, concentrated under reduced pressure, and hydrolyzed. The resultant chloroform layer was extracted with acetone; the acetone-insoluble fraction was concentrated under reduced pressure and extracted with hexane:methanol:water:28% aqueous ammonia (8:8:3:1). The hexane layer was collected, washed, and concentrated under reduced pressure to obtain a hexane fraction. The hexane fraction was purified by using column chromatography over silica gel (Silica gel 60; Merck, Damstadt, Germany) to obtain purified sphingomyelin (yield, 8%). The sphingomyelin obtained was Ͼ98% pure, as determined by highperformance liquid chromatography. According to gas chromatography-flame ionization, the most common long-chain bases were 18:1 (49.3%), 16:1 (22.5%), and 17:1 (7.4%), whereas the most common fatty acids were 23:0 (39.3%), 24:0 (23.5%), and 22:0 (20.7%).
Animals and Diets
Experiment 1. Male 6-wk-old BALB/c mice obtained from Charles River (Kanagawa, Japan) were maintained at 23 Ϯ 2°C under a 12:12-h light-dark cycle (lights on, 0700 to 1900). BALB/c mice are the most suitable strain for evaluating swimming endurance capacity (28) because they are resistant to diet-induced obesity (11) , thus minimizing the potential confounding effects of body fat accumulation, which increases floating ability in water, on endurance capacity. Initial measurements of endurance capacity for swimming were obtained when the mice were 7 wk old; they subsequently were allocated randomly to four groups with different MFGM supplementation levels [control (0%), 0.2%, 0.5%, and 1.0% wt/wt; n ϭ 8 per group, 4 mice per cage]. All mice were allowed unlimited access to water and a synthetic sphingolipid-free control diet containing 10% (wt/wt) triacylglycerols [consisting mainly of C18:2 (43.6%), C18:1 (41.6%), C18:3 (5.6%), and C16:0 (4.9%) from a blend of rapeseed oil and sunflower oil], 20% casein, 55.5% potato starch, 8.1% cellulose, 2.2% vitamins, 0.2% methionine, and 4% minerals, or the MFGM diet (the control diet supplemented with MFGM at the above-described levels). The mice were maintained on their respective diets for 12 wk. During this period, all mice were exercised in an adjustable-current water pool twice each week, as described later in this paper.
Experiment 2. After determination of the optimal dosage of MFGM (experiment 1), we examined the effects of MFGM alone and MFGM combined with regular exercise. Male 6-wk-old BALB/c mice obtained from Charles River (Kanagawa, Japan) were maintained as in experiment 1. Initial measurements of endurance capacity for swimming were obtained when the mice were 7 wk old; mice then were allocated to four groups [control (untreated), MFGM, exercise (Ex), and MFGMEx; n ϭ 8 mice per group, 4 mice per cage]. Mice in the control and Ex groups were fed the unsupplemented control diet alone; those in the MFGM and MFGMEx groups were fed the control diet supplemented with 1.0% MFGM (wt/wt). The animals were maintained on their respective diets for 12 wk. During this period, mice in the Ex and MFGMEx groups were exercised in an adjustablecurrent water pool twice each week, as described previously.
Experiment 3. Mice were allocated to two groups [control and sphingomyelin (SPM)], according to their initial endurance capacity, as described in experiment 1. Mice in the control group were fed the untreated control diet, whereas those in the SPM group received the control diet supplemented with 0.2% sphingomyelin (wt/wt). The animals were maintained on their respective diets for 12 wk. During this period, all mice were exercised in an adjustable-current water pool twice each week.
All animal experiments were conducted at the Experimental Animal Facility of Kao Tochigi Institute. The study was approved by the Animal Care Committee of Kao Tochigi Institute and strictly followed the guidelines of the committee.
Swimming exercise and evaluation of endurance capacity. An adjustable-current water pool was used to determine endurance capacity for swimming (27, 28) . In brief, we used an acrylic pool (90 cm long ϫ 45 cm wide ϫ 45 cm deep) that was filled with water to a depth of 38 cm. The current in the pool was generated by using a pump (type C-P60H; Hitachi, Tokyo, Japan), and the strength of the current was adjusted by opening or closing a valve. The current speed at the surface was measured with a digital current meter (model SV-101-25S; Sankou, Tokyo, Japan) at the start of every swimming session, and we confirmed that the current was maintained at a constant speed. An electric heater maintained the water temperature at 34°C.
In preliminary training sessions, 6-wk-old mice were accustomed to swimming for 30 min, three times each week, at a flow rate of 5 l/min during session 1 and of 6 l/min during sessions 2 and 3. At 7 wk of age, the mice were fasted for 2 h before swimming, after which their maximal swim times at a flow rate of 7 l/min were measured twice each week. To reduce the effect of inherent interanimal variations in swimming capacity, we eliminated from the study mice whose mean maximal swim times were 40% longer or shorter than the average swim time of all mice. We also eliminated mice whose maximal swim times varied greatly between the two weekly measurements. By using these criteria, selected mice were divided into experimental groups with similar swimming times. In experiments 1 and 3, the endurance capacity of mice was measured while they swam at a flow rate of 7 l/min once weekly. In experiment 2, the endurance capacity of the mice in the Ex and MFGMEx groups was measured while they swam at a flow rate of 7 l/min once every 2 wk. The mice were exercised in the pool for 30 min at a flow rate of 6 l/min once weekly in experiments 1 and 3 or twice each week (without endurance measurement) in experiment 2 during the 12-wk experimental period.
Food Intake
A dome-type cover was used on the feeding dish (Roden Cafe, Oriental Yeast, Tokyo, Japan) to prevent scattering of the powdered diet in the cage. Two food dispensers were used for each cage throughout the study. Food intake (g/cage each day) was determined by subtracting the weight of the food remaining from the initial weight, which was obtained on the previous feeding day.
Collection of Blood and Tissues
At 11 wk into the experiment, blood samples were collected from the tail vein of mice immediately after exercise (6 l/min for 30 min) by using a heparinized hematocrit capillary tube (Vitrex Medical A/S, Herlev, Denmark). On the final day of the 12-wk experiment, blood was collected from the postcaval vein of the mice at rest and anesthetized with sevoflurane (Sevofran, Maruishi Pharmaceutical, Osaka, Japan). Immediately after blood collection, the gastrocnemius, plantaris, and soleus muscles; the epididymal and perirenal white adipose tissue; the liver; and the heart were removed and weighed. Tissues were stored at Ϫ80°C until analysis.
Biochemical Analysis
Blood lactate levels and plasma concentrations of nonesterified fatty acids immediately after exercise were measured by using Lactate Pro (Arkley, Kyoto, Japan) and NEFA-C (WAKO Pure Chemical Industries, Osaka, Japan) assays, respectively. The numbers of erythrocytes, leukocytes, and platelets, the hemoglobin concentration, and the hematocrit of heparinized blood obtained from mice at rest were measured with an automatic hematocytometer (Celltac MEK-5258, Nihon Koden, Tokyo, Japan). Plasma was obtained from the blood obtained during resting conditions by centrifugation at 3,500 g for 15 min. Plasma concentrations of glucose, triglycerides, nonesterified fatty acids, aspartate aminotransferase (AST), alanine aminotransferase (ALT), total cholesterol, high-density lipoprotein (HDL) cholesterol, and low-density lipoprotein (LDL) cholesterol, lactate dehydrogenase (LDH), and ketone bodies were measured by using
, and T-KB-H assay kits (Nittobo Medical, Tokyo, Japan), respectively. All assays were performed according to the manufacturer's instructions.
Measurement of Glycogen and Triglycerides in Muscle
Glycogen levels in the gastrocnemius muscle were determined by using a standard enzymatic technique, as described previously (11) . In brief, frozen muscle samples were digested in 30% KOH at 100°C for 30 min. Saturated sodium sulfate was added to the mixture, and glycogen was precipitated by adding 95% ethanol. The solution was then centrifuged at 1,600 g. The supernatant was decanted, and the remaining alcohol was vaporized. Purified glycogen was hydrolyzed in 0.6 N HCl at 100°C for 2 h. Residual glucose was quantified by using a glucose CII test kit (WAKO Pure Chemical Industries).
To analyze triglyceride levels, frozen tissues were homogenized and extracted with chloroform:methanol (2:1 vol/vol), as described previously (11) with minor modifications. In brief, chloroform:methanol was added to the homogenate, samples were shaken overnight, and 4 mM MgCl 2 (100 l) was added to the solution. The organic layer was collected after centrifugation at 1,000 g for 60 min. The collected sample was dried and resuspended in 1% Triton X-100 in ethanol; triglycerides in the sample were quantified with a TG-E test (Wako Pure Chemical Industries).
Indirect Calorimetry
After 9 to 10 wk of feeding the supplemented diet, we measured oxygen consumption and respiratory quotient to elucidate the effect of MFGM with or without exercise on energy metabolism. We used an indirect calorimetric system equipped with a 16-chamber airtight metabolic cage (ARCO2000-RAT/ANI 16 Chamber System, ArcoSystem, Chiba, Japan), as described previously (33) . Each mouse was placed in a chamber for 2 days and allowed to acclimate to the surroundings before measurements were obtained. Oxygen consumption and carbon dioxide production were measured under feeding conditions for 24 h. Respiratory quotient was calculated by dividing the measured values of carbon dioxide production by the measured values of oxygen consumption. During measurement, locomotor activity was recorded with an automated motion analysis system (Actracer2000; ArcoSystem), which detects the amount of centroid fluctuation by using a weighted transducer. Lipid and carbohydrate oxidation were calculated by using the equations of Peronnet and Massicotte (39) , under the assumption of no contribution from protein oxidation.
Cell Culture and Mechanical Stretching by Using Cyclic Strain
Murine C2C12 myoblasts were obtained from the European Collection of Cell Cultures (catalog no. EC91031101; Dainippon Sumitomo Pharma Biomedical, Osaka, Japan). Cells were plated onto flexible-bottom plates (Bioflex Plates Collagen 1; Flexcell International, Hillsborough, NC) coated with poly-L-lysine (1 mg/ml; SigmaAldrich Japan, Tokyo, Japan) and fibronectin (1:100; Sigma-Aldrich Japan) and maintained in DMEM supplemented with 10% FBS and antibiotic-antimycotic mixture (10 ml/l; Gibco, Grand Island, NY) in an atmosphere of 95% air, 5% CO2 at 37°C. To cause differentiation into myotubes, C2C12 myoblasts were grown to subconfluence, and the culture media were replaced with DMEM containing 2% heatinactivated horse serum (Gibco) alone or supplemented with MFGM. During differentiation, the cells experienced cyclic equibiaxial stretch consisting of 10% elongation at 0.5 Hz with 1 h on and 5 h off (FX-5000 Tension System, Flexcell International), as described previously (54) . The culture media were replaced with fresh media once each day. The cells were washed once with ice-cold PBS, homogenized (QIASchredder; Qiagen K.K., Tokyo, Japan), and used for RNA extraction. 
RNA Extraction and Quantitative Real-Time PCR Analysis
Total RNA was extracted from frozen soleus muscle by using RNeasy fibrous tissue mini kit (Qiagen K.K.) and from C2C12 cells by using RNeasy mini kit (Qiagen K.K.), according to the manufacturer's instructions. RNA samples then were used as templates in reverse transcription-PCR for production of cDNA and in real-time PCR with SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA), as described previously (12) . For quantitative precision, the same amount of total RNA was consistently used for each expression analysis, and the expression level of each gene was normalized relative to that of a housekeeping gene-either ribosomal protein, large, P0 (RPLP0/36B4) or GAPDH. The mouse-specific primer sequences used have been described previously (11), except for those for GAPDH, which were forward, TTGTGGAAGGGCTCATGACC; reverse, GATGCAGGGATGATGTTCTGG.
Statistical Analysis
All values are presented as means Ϯ SE. Statistical analysis was conducted with the StatView software package (SAS Institute, Cary, NC). Swimming times were compared among groups by using Dunnett's t-test. Two-way ANOVA was used to evaluate the main effects of diet and exercise and the diet ϫ exercise interaction. When two-way ANOVA indicated a significant main effect of diet or exercise, comparisons between the control and MFGM groups and between the Ex and MFGMEx groups were made by using unpaired t-tests. A P value of less than 0.05 was considered statistically significant.
RESULTS
Effect of MFGM on Swimming Endurance Capacity (Experiments 1 and 2)
In experiment 1, swimming time was significantly (P Ͻ 0.05) longer in mice fed the diet supplemented with either 0.5% or 1.0% MFGM than in those fed the control, unsupplemented diet. Swimming endurance increased in a dose-dependent manner. The maximal swimming capacity occurred when the diet was supplemented with 1.0% MFGM (Fig. 1) .
In experiment 2, swimming time increased throughout the experimental period in mice that exercised regularly, regard- less of MFGM supplementation (Fig. 2) . However, from week 10 onward, swimming endurance was significantly (P Ͻ 0.05) greater in mice that received 1.0% MFGM combined with swimming exercise (i.e., the MFGMEx group; week 12 swimming time, 52.3 Ϯ 4.5 min) than in those that exercised but did not receive MFGM (the Ex group; 40.1 Ϯ 3.8 min). Neither dietary supplementation with MFGM nor periodic swimming exercise altered food intake, body weight, or tissue weight in any group (Table 1) .
Effect of MFGM on Blood and Plasma Components During Rest and Immediately After Swimming Exercise (Experiment 2)
Regular exercise increased plasma HDL-cholesterol in mice fed the control diet [P Ͻ 0.01 compared with the unexercised control group after detection of a main effect of exercise at P Ͻ 0.05; ( Table 2) ]. Plasma adiponectin levels were greater in mice that received 1.0% MFGM combined with swimming exercise (P Ͻ 0.05 compared with MFGM group after detection of a main effect of exercise at P Ͻ 0.05). No other blood variables differed between groups under resting conditions. In contrast, plasma NEFA levels immediately after exercise were significantly (P Ͻ 0.05) higher in the MFGMEx group than in the Ex group. Values are expressed as means Ϯ SE of 8 mice. Unpaired t-tests identified significant (P Ͻ 0.05) differences between the control and MFGM groups (*) and between the Ex and MFGMEx groups ($) after two-way ANOVA detected a significant diet-associated effect. An unpaired t-test identified a significant ( †P Ͻ 0.05) difference between the control and Ex groups after two-way ANOVA detected a significant exercise-associated effect. Values are expressed as means Ϯ SE of eight mice. Significant (P Ͻ 0.05) differences between the MFGM and MFGMEx groups (#) were identified by unpaired t-tests after two-way ANOVA revealed a significant exercise-associated effect. Significant (P Ͻ 0.05) differences between the control and MFGM groups (*) and between the Ex and MFGMEx groups ($) were identified by unpaired t-tests after two-way ANOVA revealed a significant diet-associated effect.
Effect of MFGM on Glycogen and Triglyceride Levels in the Gastrocnemius Muscle
Glycogen content in the gastrocnemius muscle was higher in mice given 1.0% MFGM alone (P Ͻ 0.05 between the control and MFGM groups after detection of a main effect of diet at P Ͻ 0.05) and in those with regular exercise alone (P Ͻ 0.05 between the control and Ex groups after detection of a main effect of exercise at P Ͻ 0.05) ( Table 3 ). The muscle triglyceride content in the MFGMEx group was significantly higher than that in the Ex group (P Ͻ 0.05 after detection of a main effect of diet at P Ͻ 0.05).
Effect of MFGM on Whole-Body Energy Metabolism Under Resting Conditions
Oxygen consumption during resting conditions was significantly higher in the MFGMEx group than in either the MFGM or the Ex group (P Ͻ 0.05 compared with Ex group after detection of a main effect of diet at P Ͻ 0.05, and P Ͻ 0.05 compared with MFGM group after detection of a main effect of exercise at P Ͻ 0.05) (Fig. 3) . Respiratory quotient was significantly lower in the MFGM group than in the control group (P Ͻ 0.05 after detection of a main effect of diet at P Ͻ 0.05) and in the MFGMEx group than in the Ex group (P Ͻ 0.05 after detection of a main effect of diet at P Ͻ 0.05). Fat oxidation calculated according to oxygen consumption and respiratory quotient was significantly higher in the MFGM group than in the control group (P Ͻ 0.05 after detection of a main effect of diet at P Ͻ 0.05) and in the MFGMEx group than in the Ex group (P Ͻ 0.05 after detection of a main effect of diet at P Ͻ 0.05).
Effect of MFGM on Gene Expression Levels of Fatty Acid Oxidation-Related Molecules in the Soleus Muscle
Exercise significantly increased Pgc1␣ mRNA expression in the soleus muscles of mice fed the unsupplemented control diet (P Ͻ 0.05, Table 4 ). In addition, the MFGMEx group had significantly higher Pgc1␣ mRNA expression than did the Ex group (P Ͻ 0.05 after detection of a main effect of diet at P Ͻ 0.05). mRNA expression levels of Pgc1␤ and Cpt1b were increased by the intake of MFGM, regardless of exercise status (P Ͻ 0.05 between the control and MFGM groups and between the Ex and MFGMEx groups after detection of a main effect of diet at P Ͻ 0.05). Ppar␦ mRNA expression increased with the provision of regular exercise (P Ͻ 0.05 between the control and Ex groups and between the MFGM and MFGMEx groups after detection of a main effect of exercise at P Ͻ 0.05).
Effects of MFGM Combined with Mechanical Stretching on mRNA Expression of Pgc1␣ in Differentiating C2C12 Cells
Mechanical stretching increased (P Ͻ 0.05) Pgc1␣ mRNA levels in differentiating C2C12 cells compared with those in unstretched control cells. Supplementation of the culture medium with 0.01% MFGM increased (P Ͻ 0.05) Pgc1␣ gene expression in the stretched cells compared with that of unsupplemented mechanically stretched cells (Fig. 4) . MFGM supplementation increased Pgc1␣ mRNA levels in a dosedependent manner. In contrast, supplementation with MFGM alone (i.e., in the absence of mechanical stretching) had no effect on Pgc1␣ mRNA expression in differentiating C2C12 cells (data not shown).
Effects of Dietary Sphingomyelin on Endurance Capacity and on mRNA Expression of Pgc1␣
Dietary supplementation with sphingomyelin combined with regular exercise for 12 wk significantly increased swimming time and Pgc1␣ mRNA expression in the soleus muscle compared with those in mice that underwent exercise in the absence of MFGM supplementation (Fig. 5, A and B) . In addition, sphingomyelin treatment with cyclic equibiaxial stretching significantly increased Pgc1␣ mRNA expression in differentiating C2C12 myoblasts in a dose-dependent manner (Fig. 5C) .
DISCUSSION
This study yielded three major findings. First, we demonstrated that dietary supplementation with MFGM combined with regular exercise in mice markedly improved endurance capacity in association with increased lipid utilization. We suggest that the increased endurance capacity due to dietary Values are means Ϯ SE of 8 mice. Unpaired t-tests identified significant (P Ͻ 0.05) differences between the control and MFGM groups (*) and between the Ex and MFGMEx groups ($) after two-way ANOVA detected a significant diet-associated effect. Unpaired t-tests identified significant (P Ͻ 0.05) differences between the control and Ex groups ( †) and between the MFGM and MFGMEx groups (#) after two-way ANOVA detected a significant exerciseassociated effect. MFGM is mediated, at least in part, by upregulated fatty acid oxidation in skeletal muscle during exercise. Muscle uses fat and carbohydrate as primary energy sources during prolonged exercise (4, 41) . Enhanced fatty acid oxidation during exercise reduces the rate of carbohydrate consumption as an energy source, leading to improved endurance capacity (11, 15) . Dietary supplementation of mice with MFGM combined with regular exercise markedly increased lipid consumption for energy metabolism, which resulted in preferential utilization of fatty acids over carbohydrate, which may contribute to increased endurance capacity after ingestion of MFGM. Mice that received MFGM and regular exercise had increased plasma NEFA and muscle triglyceride levels. These results suggest that increased supplies of fatty acids in the circulation and skeletal muscles may also contribute to increased lipid oxidation. In contrast, glycogen content significantly increased after MFGM intake alone but not after MFGM plus exercise. Although several reports have demonstrated that manipulating carbohydrate metabolism influences endurance in humans and mice (9, 26) , the beneficial effects of increased muscle glycogen content on endurance capacity remain unconfirmed (14) . Endurance capacity remains unchanged in mice that either overexpress glycogen synthase (24) or lack muscle glycogen synthase (38) . We speculate that the increased endurance capacity after MFGM intake plus exercise reflects increased lipid metabolism rather than a glycogen-sparing effect.
Second, we found that dietary intake of MFGM combined with regular exercise substantially increased the expression of genes associated with energy metabolism, such as Pgc1␣ and Pgc␤, Cpt1␤ and Ppar␦, in mouse skeletal muscle, perhaps leading to upregulation of energy expenditure and fat catabolism. More importantly, MFGM treatment markedly stimulated Pgc1␣ expression in differentiating myocytes cultured during mechanical stretching, suggesting that absorbed components of MFGM may stimulate the expression of Pgc1␣, a possible mechanism for the enhancement of lipid metabolism by dietary MFGM plus exercise. Pgc1␣ is a transcriptional coactivator that is expressed at high levels in oxidative muscles like the soleus (23); in addition, Pgc1␣ plays key roles in promoting mitochondrial biogenesis (53) , peak oxygen uptake (1), lipid oxidation and energy refueling (45, 46) , and lipid synthesis (8) . Most importantly, muscle-specific Pgc1␣ transgenic mice exhibit improved endurance capacity, whereas muscle-specific Pgc1␣ knockout mice show exercise intolerance (1, 10) . Therefore, we consider that the increased expression of Pgc1␣ activates fatty acid oxidation, subsequently improving endurance capacity.
Dietary MFGM plus regular exercise increased plasma adiponectin levels in this study. Adiponectin signaling has mul- 5 . Effect of sphingomyelin on swimming endurance capacity and on Pgc1␣ mRNA expression levels in the soleus muscle and in differentiating C2C12 myoblasts with mechanical stretching. Swimming time (A) after the 12-wk feeding period was measured at a water flow rate of 7 l/min. The soleus muscle was dissected from mice (n ϭ 8) on the final day of the experiment 3. The Pgc1␣ mRNA expression level in soleus muscle (B) is expressed as a ratio relative to the value in the control group, which was defined as 1.0 (n ϭ 8 tiple fundamental functions in metabolic regulation at the whole body level, such as stimulating energy metabolism and ameliorating insulin resistance (20) . Adiponectin upregulates Pgc1␣ gene expression via its specific receptor (AdipoR1) in myocytes (17) . Taken together, these studies suggest that dietary MFGM plus exercise increases Pgc1␣ expression by increasing adiponectin production in, or secretion from, adipose tissues. Recent studies found that Ppar␥ activation by agonists promotes adiponectin transcription through a Ppar␥-responsive element in the adiponectin promotor (52) and that sphingosine activates Ppar␥ transcriptional activity in macrophages (25) . The increased adiponectin level associated with MFGM combined with exercise may be due in part to the activation of Ppar␥ by sphingosine. However, additional studies are needed to elucidate the relationship between adiponectin signaling and the improved energy metabolism and endurance capacity obtained with dietary MFGM or its components (including metabolites) plus exercise. Finally, dietary supplementation with sphingomyelin, a constituent of MFGM, when combined with regular exercise, markedly increased endurance capacity and muscle Pgc1␣ mRNA expression in mice. Similarly, differentiating myoblasts undergoing mechanical stretching also demonstrated upregulation of Pgc1␣ mRNA expression. These results suggest that sphingomyelin is an active component of MFGM for improved endurance capacity and lipid metabolism. Dietary sphingomyelin is hydrolyzed to sphingosine and free fatty acids in the gastrointestinal tract, which are well absorbed and converted into chylomicrons in mucosal cells (36) . A small portion of sphingoid bases are reincorporated into mucosal ceramide and sphingomyelin (35) . Sphingomyelin accounts for ϳ20% of the phospholipids in human plasma lipoproteins. Recent evidence shows that many of the signaling components involved in sphingomyelin metabolism are present in skeletal muscle (44) and that sphingomyelinase activity and sphingosine levels in muscle increase, and the ceramide level decreases, during prolonged exercise (6) , suggesting that sphingomyelin metabolism is activated in exercised muscle. In addition, sphingosine 1-phosphate and sphingosine, which are sphingomyelin metabolites, are reported to have protective effects against muscle fatigue (5). Although sphingosine 1-phosphate and sphingosine may contribute to the enduranceimproving effect of sphingomyelin intake combined with regular exercise, additional study is warranted.
One limitation of our study is that we did not examine the effect of the amount of sphingomyelin equivalent to that in the diet containing 1.0% MFGM. Doing so would have clarified whether sphingomyelin is directly responsible for the increased endurance capacity associated with 1.0% MFGM. In addition, treatment with 0.003% sphingomyelin did not increase Pgc1␣ mRNA expression, whereas 0.01% MFGM, which contains a similar amount of sphingomyelin, significantly increased expression. These results suggest that some components present in MFGM have an effect similar to that of sphingomyelin or strengthen the effect of sphingomyelin. Additional studies are needed to clarify this point.
In conclusion, our results provide new evidence regarding the beneficial effect of dietary supplementation with MFGM, in the context of regular exercise, on endurance performance and muscular metabolism in mice. Although acute ingestion of whole milk failed to enhance prolonged exercise capacity in humans (22, 49) , repeated ingestion of whey protein isolates increased Pgc1␣ mRNA in the muscle during recovery from exercise in humans (16), suggesting they might enhance endurance capacity. MFGM, which makes up less than 0.5% of whole milk, could be beneficial for improving physical performance and muscular metabolism through upregulation of Pgc1␣ in a similar fashion to that of whey protein. Several ongoing studies will clarify the beneficial effects of dietary MFGM on physical performance and muscular function in humans.
